(Omplete Kraig Mitzner
P(B Design Using &

r{AD apture gp 8
““d layout &

°°°°°°°°°
FFFFF



Complete PCB Design
Using OrCad Capture
and Layout

By
Kraig Mitzner

Amsterdam ¢ Boston ¢ Heidelberg ¢« London
New York ¢ Oxford ¢ Paris « San Diego

g
v San Francisco ¢ Singapore * Sydney ¢ Tokyo

ELSEVIER Newnes is an imprint of Elsevier Newnes




This eBook does not include ancillary media that was packaged with
the printed version of the book.

Newnes is an imprint of Elsevier
30 Corporate Drive, Suite 400, Burlington, MA 01803, USA
Linacre House, Jordan Hill, Oxford OX2 8DP, UK

Copyright © 2007, Elsevier Inc. All rights reserved.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, recording, or otherwise, without
the prior written permission of the publisher.

Permissions may be sought directly from Elsevier’s Science & Technology Rights

Department in Oxford, UK: phone: (+44) 1865 843830, fax: (+44) 1865 853333,

e-mail: permissions@elsevier.com.uk. You may also complete your request on-line via the
Elsevier homepage (http://elsevier.com), by selecting “Customer Support” and then “Obtaining
Permissions.”

@ Recognizing the importance of preserving what has been written,
Elsevier prints its books on acid-free paper whenever possible.

Library of Congress Cataloging-in-Publication Data
Mitzner, Kraig.
Complete PCB design using OrCad capture and layout / Kraig Mitzner.
p. cm.
Includes bibliographical references and index.
ISBN-13: 978-0-7506-8214-5 (pbk. : alk. paper)
ISBN-10: 0-7506-8214-0 (pbk. : alk. paper) 1. Printed circuits—Design and construction.
2. OrCAD SDT. . Title.
TK7868.P7.M56 2007
621.3815°31—dc22
2006034059

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

ISBN-13: 978-0-7506-8214-5
ISBN-10: 0-7506-8214-0

For information on all Newnes publications
visit our Web site at www.books.elsevier.com

Typeset by Charon Tec Ltd (A Macmillan Company), Chennai, India
www.charontec.com
Printed in China.

0708091010987654321

Working together to grow
libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org

ELSEVIER BOOKAID  q,p0 Foundation




Table of Contents

InTRODUCTION XV
ACKNOWLEDGMENTS  XIX

CHAPTER 1

INTRODUCTION TO PCB DESIGN AND CAD ...t enecenmen e 1
Computer-Aided Design and the OrCAD Design Suite...........ccccceeveeveeersannns 1
Printed Circuit Board Fabrication.................cuuueeeeeeeessscecceeesssssssssssssnnnnnnnnnnnnens 2
PCB cores and layer Stack-Up ..........ccccvvummmrcsummmisisseesisissnenssssssesssssssesssisans 2
PCB fabriCation PrOCESS .........ccceeeeeeeeeeeeemeeeneeeesesssssssssssssssssssssssssssnnnnnsnnnnnns 4
Photolithography and chemical etching .............cccoommmrvvvcciimmnnnrcriiiiaenns 5
Mechanical MUllING ...........coooeeeeeeeeeeeiiceiiee e 8

I J V=T gl (=T o 1X3 1= 14 Lo T 9
Function of OrCAD Layout in the PCB Design ProCess............cccccocueeeeesunnn. 11
Design Files Created DY LayOULt...........ccccccvcemmmmersscissmnnnessssssssmennssssssssssnnnnses 14
Layout format files (.MAX).........oeeemeeeeeeessnnneesssssssssnnnsssssssssssnnsssssssssnnes 14
POStProcess (GErber) files...........mmmmmeeeeeeseeeeeesseesseeeeeessssssssnnneeessssssnnes 14
PCB assembly layers and files .............ccoooueeeereeemsscrenerssessnnssscsnnssscssennnnas 14
CHAPTER 2

InTroDUCTION TO THE PCB DESIGN FLOW BY EXAMPLE ...ceeeeeceeecnnncnnnns 17
Overview of the DesSign FIOW ............ccoccvervcsensciniisnncssennsssessscsesssssesssssnnnas 17



Contents

Creating a Circuit Design with Capture............cooeeevecivsemeeeirscciseeensessscinnns 17
Starting @ N@W ProOjJECL..........coovvvuuummmmmmeeennnnnnsssssssssssssssssssssssssssssssssssnsnnns 17

L Tl T B o - T 3N 20
Wiring (connecting) the Parts...........cocccceomeeecsmmrseisneesscsneesscssnnessessnnns 23
Creating the Layout netlist in Capture............cccoccummevveevssmmnnssssssssnnnnnnns 23
Designing the PCB With Layout ............cccoeeeeeemmerceieeeccee e 25
Starting Layout and importing the netlist...............cccovveeevimmnrerricinnns 25
Making a board OULliNe..............ccccememereeesseineeesssccsssnnnnsesssssssennssssssesnnns 29

L ETel 1o Lo IR 1 o L= o - T R 31
Autorouting the board..............cccoevvcveemisissiesiscssin s s s sssnes 32
ManNUAl FOURLING .....coceeeeeeeeeeeeeeeeeieeeesssesssnn e s essssssssnnnn s s ssssssssnnnnsssssesnnns 32

L@ L= 11 17 o S 34

(o Tel (7 Yo R 1 = L= 34
Performing a design rule CheCK ..........ouceeemmeeeeeeeereeeesessscssseennnssssesnnns 35
Postprocessing the board design for manufacturing........................... 35
CHAPTER 3

PROJECT STRUCTURES AND THE LAYOUT TOOL SET...cceursiimmnsiirnnasssssnmsssrnnnns 39
Project Setup and Schematic Entry Details ...........ccccoeeeemeevceseercccsnercccnen 39
Capture projects explained ..............cccoeemmmmirriciiimnnniiccccseeee e 39
Capture part libraries explained................c...uueeeeeeseeceeeeeeeeeeeeeeeeeeeesennns 42
Understanding the Layout Environment and Tool Set ...........ccccccvvrveccnnnes 43
Board teChNOIOGY fil@S...........ommeeeeeeeeeeeeieeeesiee e 43
The AUTOECO ULIlity ..ccceeeeeeeeeeeeeeeceenennscsscssssienesssssssssmnnn s s s ssssmnnnnnsssas 44
The session frame and Design WindOW ............cccccceommeeceeeecccsmeecccnnnn 46

[ T=3 (e Xo ] o - T S 47
Controlling the autOrouter...............cccceecemmmeerecciiinnnressccssnnnn e s essssssnnnnnes 57
Postprocessing and layer details ............cooccooemeeeeeemeceeeieiccceee e 60
CHAPTER 4

INTRODUCTION TO INDUSTRY STANDARDS....uucssemssssssnssssssnssssssnmsssssnnsssrsnnns 65
Introduction to the Standards Organizations..............ccccccevecmeeevsscsssennnnns 66

iv



Contents

Institute for Printed Circuits (IPC-Association Connecting

Electronics INAUSTII@S) ......cceeueeeeeeviiireniiisnesssissessisssssssssesssssssssssssnsssnnes 66
Electronic Industries Alliance (EIA) ..........ccouueeeeveevieeeeeviisisssssssssssssnnnnas 66
Joint Electron Device Engineering Council (JEDEC)..........cccouerevenrrrauns 66
International Engineering Consortium (IEC)...........ccccuvveecessmmmnsssssssnnns 67
Military Standards .............oooooeoeeeemeeeeeieeeeeeie s 67
American National Standards Institute (ANSI) .........cccooeemeeeeeeereeeeernnnnn. 67
Institute of Electrical and Electronics Engineers (IEEE) ........................ 67

Classes and TYPES OF PCBS .........ccuueeceemeeeeiseeeseeneesssssnsnsssssnsssssssmsnsssssmnnssssses 68
Performance ClaSSES...........cceeeeesssesuuueeeeennssssssssssssssssssssssssssssssssssnnnnnnnnnnns 68
ProducCibility 1@VeISs...........eeeeeeeeeeeeeeeeeecceseeenessssecssennn s sssssssssnnn s s ssssssnnes 68
Fabrication types and assembly subclasses ..............cccceeeeeveseceeeeeennnnnns 69
OrCAD Layout design complexity levels—IPC

PEIrfOrMANCE ClASSES......cueeeeeeeeeeeeeeeeeeeeeisseeeeessssssssssnnnneeennnnneeneeeeeeesees 69

IPC land pattern density I@Vels ............ccoemmeeeeeciiiieiiecccieenee e 70

Introduction to Standard Fabrication Allowances .............ccccccvvvvccviiennnnnns 70
Registration tOlerances..............ccooeeeeceomercccseeecccsee e 70
Breakout and annular ring control.................oocovemmeeiricciiieeeeeiccanens 70

PCB Dimensions and TOIEIranCes .............ccoccummersecesssmmmssssssssssnnnnssssssssssnnsnses 71
Standard PANE] SIiZES..........uueeeeeeeeseeeeeeieseisseeeeessseesssenn e e e essessnnnn e e enseennnns 71
Tooling area allowances and effective

T 1= ALY Lo =3 72
Standard finished PCB thiCKNESS.............ccccoueeeeseesssnnsssssssssssnnnsssssssssnnns 72
(@0 Y =38 1 ¢ 1ol g L= 73
Prepreg thiCKN@ss.............cccueeveeccesemneeeisscsssnnnsssssssssssnnsssssssssssnnnsssssssssnnes 73
Copper thickness for PTHS and Vias..........ccccceeeeeeemeeecsmmncccieeeescsceecsenes 73
Copper cladding/foil thiCKNESS............ccceveeeeeeeeeereeieescsinnescsennescsnnnesesnes 74

Copper Trace and Etching TOIEranCes.............ccccueeeeeeessceemsmssssssssnnnsssssssssnnes 75
Standard Hole DimMeENSiONS...............cccceeeeeeeeemeeeeeencssessssssssssssssssssnnnnnsssssssssas 76
S0ldermask TOIEranNCe...........uuuueeeeeeeeeeeeeeeeeeeeeeessssssssssssssssssensnnnnnnnnssssnas 77
1 Lo N Ao = 77
Y7o [o =Xy (=To [ g =X To | oo 1R N 77
Other items Of INTEIeSt..........ooccceeerreereeesscseineesesinessessnnessessnnnsssssnnnsssnnns 77



Contents

CHAPTER 5

INTRODUCTION TO DESIGN FOR MIANUFACTURING ..ceuvienesssnmssssmsssmnsssnnassrnnns 79
Introduction to PCB Assembly and Soldering Processes............ccccccevuueeenn 79
ASSEMDIY PrOCESSES .....ooveeeiiicisennnniisscssssnnnssssssssssssnnnssssssssssnsnssssssssssssnnnsssssss 79
Manual assembBly ProCESSES .........uummereeersseneresssesssnnnssesssssssssnnssssssessnes 79
Automated assembly processes (pick and place) ..........cccocevveeveennnees 80

Yo Lo (=17 o o o Tl =X X Y= 81
Manual SOIAEIING ...........oee ettt 81

L V=3 Yo ) (o =T o ] o o S 82
L2031 [0XV VK Yo Lo (=T 1 T S 84
Component Placement and Orientation Guide..............ccceeeeeeveeeereevveececnns 85
Component Spacing for Through-hole DevVices............cccceeereeerscnesessseessnns 86
DiSCIrEtE THDS ....ceeeeevciiisseeneniissssssseesssssssssssssnne s ssssssssssnnn s ssssssssssnnnsssssssssnes 86
Integrated circuit through-hole devices..............cccoeeeeeemenvcceerrccceennn. 86
Mixed discrete and IC through-hole devices ...........cccevveeevsemnnrirsccnnnns 86
Holes and jUMPEI WIil€S.............ooceeemmiricciiennnssisssssssmnnssssssssssssnnssssssssssnes 86
Component Spacing for Surface-Mounted Devices..........c.ccceeeunerenn.. 86
DiSCrEte SIVIDS ...........eeeeeeeeisneeeeeeennnsnsnnsnsssssssssssssssssssssssssssssnsnnnnnnnnnnns 86
Integrated-CirCUIt SIMDS...............coocemeeeesecessnnnnnsssssssssnnnnnsssssssssnnnssssssssnes 86
Mixed diSCrete and IC SMDS............oeuummeeeeeeeeeeesessssssssssssssssssssssssssssnnnnnnns 86
Mixed THD and SMD Spacing Requirements.............ccccccccevvsmmmrecssssssnnnnnns 86
Footprint and Padstack Design for PCB Manufacturability ....................... 94
Land Patterns for Surface-Mounted DeViCes...........cccceeeeeeeerceeeescsnencscsnenns 94
RY 1702 s F-To Ky = Tel (@ (=X o | o T 96

LY 17/ 2 {oTeXq o T g ale (=K | I 99
Land Patterns for Through-hole DEVIiCes ............cccmeeeeemmrecvsmeescinnnesccaenns 101
Footprint design for through-hole devices............cccccevrrrecrcnnrrsirnnnn. 101
Padstack design for through-hole devices.............cccceeeemreecicnncscnnnn. 103

L2 Lo (=R Lo (=X To - ¥ o S 103
PTH land dimension (annular ring width)..............cccccooumrvreccvicnnnnnnnne. 104
Clearance between plane layers and PTHS ...........cccoccereevrceeerccsnnnnnnns 106
Soldermask and solder paste dimensions................cccceeeeeeesssssssnnennnns 107

vi



Contents

CHAPTER 6

PCB DESIGN FOR SIGNAL INTEGRITY ..c.vvvresiinnnssssssnsssssnnssssssnmsssssnnsssnns 109
Circuit Design Issues Not Related to PCB Layout............cccceeeceemnrcccuennnne. 109
Y Lo £ 2 109

[ 73 0 T o [ oY o T 110

L =Te V=T o T A =X o Lo o K = U 111
Issues Related to PBC LaYOUt..........cccoevuemivsvsmmmmssssensisssssnsssssssnssssssnnns 111
Electromagnetic Interference and Cross TalK.........ccccceeeeeevcemmerersccsnnnns 111
Magnetic fields and inductive coupling.............cceceveeeecmeveccscnercccnnnn. 112
[XoToY o074 Lo [V el 2= ] Lol =D 115
Electric fields and capacitive coupling...........ccceeeeeeeeemeeesrscerssnnnnennnnns 117
Ground Planes and Ground BOUNCE ...........ccccoveemmmeirsssssmennnsssssssssnnnsssssssas 119
What ground is and what it iS NOt .............ccccommmrrrccccimrirriccccennnn e 119
Ground (return) Planes..............eeeeeeeeeeeeeeeeeeeeeee e e e s e s s s s s s ssssseeeeenn 122
Ground bounce and rail collapse.............oooccceevemmeeiiriciiiieeececccieneee 123
Split power and ground Planes ............c..oeeeeeeeveeeviseinriessccssnnneneenas 125
PCB Electrical CharacCteriStiCS.........cooumumeeesssmmmmsssssssssmnnsssssssssssnnnssssssssssnnnnnes 127
Characteristic impedance .............oouccevvemmmrirsciiinineeesssssssesee s sssseneeeas 127

LE0=T =Tt 1o o KN 133

4 oo 1 Lo S 137
Electrically IONG traces.........cccccevemmmmirscciimmnnnscsssssssmssnssssssssssennsssssssssnnes 139

L@ 7T I =T s Yo L o o 142
Transmission line terminations ............ccccueeceeesemeeessssesssssnnssssssssssnnnnnes 143
PCB ROULING TOPICS .ccceseeenrsisennsssssennssssssnsssssssnnssssssnnssssssnsssssssnssssssssnssssssnnns 144
Parts placement for electrical considerations.................cccceeeeecueeeennns 145
PCB layer StaCk-UpP .........ccooemmmmeriicieenencccsscsseiee s sssssssssssn e s s sssmnsn s 146
Bypass capacitors and fanout ...............cccceeveeecemmsesscnnsssssneesscsnsessesneens 151
Trace width for current carrying capability ............ccccevemmerevreccrreennnnn. 151
Trace width for controlled impedance...............ccocceeomrrceeeersccenncnnnes 153
Trace spacing for voltage withstanding............ccccccceeeevevemnssccscnnesscnns 163
Trace spacing to minimize cross talk (3w rule)............ccooevevveeereennnnn. 163
Traces with acute and 90° angles .............occcceemmeeeiccccreeieenicscccseeneees 164

vii



Contents

CHAPTER 7
MAKING AND EDITING CAPTURE PARTS ...cvveusisesmssisssnassssnnssssnsnnssssnnnsssnes 167
The Capture Part LiDrari€s..............cocueeeoeeeeeeeemeeeceeeeececsseneessssneessssmneeesenns 167
Types Of PACKAGiNG ......ccccouerrvummrisennsiinisisinsscssnsssssssssssssssesssssssssssnessssnsssssnsas 168
[ [oTppToTo [=T  T=To U K3l o X- o X3 168
Heterogeneous PArts......ccoouueemeeeemmssssssssssssssssnssssssssssssssssssssssssssssnnnnnnes 169
o S 169
Part EQiting TOOIS ...........cccemeeireccesennnneissssssssnnnssssssssssnnnsssssssssssnnsssssssssssnnnnes 170
The Select tool and SETEINGS.........ccccovveemmmirrsiiiiiineccrccissse e e e sssseneee s 170
THE PN TOOIS......ceeeeeeeeeeeeeeeeeeeeeeeeee e e sessssssseeee e nn e e e s e s n s s s s s s s s s s sssssnnnn 170
The graphics tOOIS..........oueeceereeeeeeeeeeccsseeneeesssssssseenenessssssssnnnneesssesssnnnnnes 171
THE ZOOM TOOIS.....ceeeeeeeeeeeeeeeeeiiiissceccesessssssssssnnnen e nnnn e e e s e s s nsrssssssssssssnnnn 171
Constructing Capture Parts ...........ccoccccevvevsvvsssssssseeennnnnnnssssssssssssssssssssssssssas 171
Method 1: Constructing Parts Using the New Part Option (Design
L= 10 ) N 172
Design example for a passive, homogeneous part.............cccceccrurn... 172
Design example for an active, multipart, homogeneous
(a0 17 o Lo T o = o | S 180
Assigning POWer Pin ViSiBility .............ccoocmmmeeeeeevssnmnneissssssennnssssssssanns 183
Design example for a passive, heterogeneous part...........ccccceveeeennes 184
Method 2: Constructing Parts with Capture Using the Design
Y 0T (=T Lo K7 T=L=T A 187
Method 3: Constructing Parts Using Generate Part from the Tools
=7 o 1V N 190
Method 4: Generating Parts with the PSpice Model Editor..................... 192
Generating a Capture part library from a PSpice model
T /RS 193
Making and/or Obtaining PSpice Libraries for Making New
(@ o1 1 7] =3 o | XS 194
Downloading libraries and/or models from the Internet.................. 195
Making a PSpice model from a Capture project.............ccoeecevrerreeernns 196
Adding PSpice templates (models) to preexisting Capture parts .....206
Constructing Capture SYMDBOIS ...........commmeeveeeiieiieeisscccsiiee e essscesnnnn e 208



Contents

CHAPTER 8
MAKING AND EDITING LAYOUT FOOTPRINTS ...cvveussenussnnmsssnmsssnnsssnnmssnnansns 211
Introduction to the Library Manager .............ccccccuccevsmmemecnsssssseennsscssssssnns 211
Introduction to Layout’s Footprint Libraries and Naming
(@00 Y01V =J o 1o o R 212
Layout’s fOOtPrint liDraries..............cuecceecmmeeeeieeeeeiieeseesee e 213
Naming CONVENTIONS..........ccoevrvsuumemmmnnnnnnnnnssssesssssssssssssssssssssssssssnsnssnnnns 213
The Composition Of FOOUPIINTS .........ccceeeeeeeereeeneeisssesssennnnsssssssssnnnsnssssesssnns 217
Lo Lo K 2 L 3 217
[0 o X3 1= Lo L= 218
=) N 220
Datums and inSErtion OrigiNs.............cccooemmmeerscissemmnssisssssssennssssssssssnes 220
The Basic FOOtPrint DESigN PrOCESS ..........ccceeemmmeirssesssnnnssssssssssnnnsssssssssnes 221
Working with PadStacks............cooeeoemeeeemeeceeieecceeeee e 226
Accessing existing padstacks ..........cccceeeemmmmiiiiiissmnnnnisiscieen e 227
Editing padstack properties from the spreadsheet............................ 228
Saving footprints and padstacks ..........cccceeeeeceerrcieieirceeee e 229
Footprint Design EXamPIes ............oueeeeeceveemmmmiiicciiiinnsssssscssssen s sssssssssnnnn s 231
Design example 1: a surface-mount footprint design....................... 232
Design example 2: a modified through-hole footprint
Lo L= o I S 237
Using the Pad Array GENerator..........cccccucccceeemmeeeessesssnnnssssssssssnsnnsssssssssnes 243
LTa R e Yo [ et Lo Y o 243
Footprint design fOr PGAS..........ccccoueeeeemmssessnnsssssnnsssssssnsssssssnsssssssnnssas 243
Footprint design fOr BGAS...........cccueeeecessmmmeressssssssnnnnssssssssssnnssssssssssnes 248
Blind, buried, and MiCroVias............ccccocuumeemeeeeeessssssssssssssssssssssssssnnsnnnnns 258
177 L0 1474 T [ Lo L= 3 259
Printing a catalog of a footprint library...............cccceveeeoeevecseeecccnnnn. 261
CHAPTER 9
PCB DESIGN EXAMPLES «..ceueeeesceemscssnscssnssssnnsssnmssnsnssssnssssnssssnnssssnssnnnn 263
Overview Of the DeSign FIOW .............ccmeeeerecersennenessscsssnnnnnsssssssssnnnssnssssas 264



Contents

Example 1: Dual Power Supply, Analog DesSign ............ccccevemmervrrsiiruennnnn 266
Initial design concept and preparation ............ccccccceeeceemmevrscesssnnnnnnnnnns 267
Project setup and design in Capture ............ccceeeeeeevreeemssessssessnnnnnsnnsns 268
Defining the board requUirements..............ccceeeeeeemeesccsnnsssssnnnssssennnnns 285
Importing the design iNto LayOut..............cccccummeereecssemmnnnsssccssnnnnsnnnnans 288
Setting up the board ... 289
Prerouting the board.............cccevvcveemmiviisemeiisiie i 306
Autorouting the board...............uemeveeeeseeeeeeiisccsseenenessssssssnnnnnessssssanes 316
Finalizing the deSign............ococooveememiiicieeeee e 318

Example 2: Mixed Analog/Digital Design Using Split Power, Ground
o T = 322
Mixed-signal circuit design in Capture..............cooeomeeeerrsciseemnssrsscssanns 322
Power and ground connections to digital and analog parts............. 324
Connecting separate analog and digital grounds to a

SPlE PlANE ... 324
Using busses for digital Nets.............ceeveeeomeerccsienrecsiesssesnnssscssnnnssanns 327
Defining the layer stack-up for split planes ............cccceeeeveeeeeerrscernns 328
Establishing a primary power plane.............cccccoveommemirrccissennnsnscciianns 330
Creating split ground pPlanes...............cccooummereeecscmmmressccssnnnsesssssssnnnnnns 334
Creating nested power planes with copper pours...........cccccccevsueeee.. 336
Using anti-copper on plane lIayers..............cccocmmmmvrvccvssemnnscsssssssennnnns 338
Setting up and running the autorouter ............ccccccevemmrerrscesscnnnnnnnns 340
Moving a routed trace to a different layer............ccccooerveeeeerrcnnnnnn. 342
Adding ground planes and guard traces to routing layers............... 342
Defining vias for flood planes/pours.............ccccceeemmeeerssessscenssssssssssnns 345
Setting the copper POUr SPACING .........ccocuereereereeisieececeeneescsnn e s csseees 347
Stitching a ground plane manually .............ccocuvvvermerivirnerisisnenisiisenns 348
Using anti-copper obstacles on copper POuUrS ...........cccccvceeevrirnnecninns 349
Routing guard traces and riNgs ............cccccvvmeemerrssissemmmssssscssssnnesesnssas 349

Example 3: Multipage, Multipower, and Multiground Mixed A/D
PCB DeSign With PSPICe......ccceeeeeeeeseeneesessscssnnnnnsssssssssnnnsssssssssssnnnssssssas 352
Project setup for PSpice simulation and Layout..............cccccecerrruuneen. 354
Adding schematic pages to the design .............ccoevevecevecmnerevsccssennnnn. 356

X



Contents

Using off-page connectors With Wires..............cceeceecemevccseessessnnensnnns 358
Using off-page connectors with bUSSes...........cccceeveeerscemnmresssssssennnnns 359
Setting up multiple-ground Systems..............cceeceeceeeeeereeecccseeecccneen 359
Setting UpP PSPiCO SOUICES......cooeecceeemineriisiciseiennsssssssssnnnssssssssssnnnnsssssns 360
Performing PSpice Simulations ..............cccceecemmmerecccssmmnsnssssissnnnnsesssns 361
Preparing the simulated project for Layout.............ccccceceeveeecmercccnnnn. 364
Assigning a new technology file ............cccocemveeecvcimrisenscinesceecsaen 365
Placing parts on the bottom (back) of a board............cccccccervcurrenenn... 365
Layer stack-up for a multiground system..............ccceeeeeceeevecsnercccnnnn. 365
Net layer assignNMmeENTS ...........ccccevvevmeririssmmissssssnissssesnssssssnssssssssesssssnens 367
Through-hole and blind via s€tup........ccccocceeeemmereerccerreinenesssceseennnns 367
Fanning out a board with multiple vias..............ccccooommrvvvrcvisennerennnns 367
Overriding known errors in Layout.............cccceemmerervccssemnnnssssssssnnnnnnns 370
Autorouting with the DRC/route BOX..........ccccccereemmeeerssesssnnnsssssssssnns 370
Using forced thermals to connect ground planes....................cc....... 372
Using the AutoECO to update a board from Capture........................ 372
Example 4: High-Speed Digital DeSign.............cccooumreesmmmrsisnencscsnneecscsnnes 376
Layer setup for microstrip transmission lines..............cccceeeceeevvccnnnnn. 380
Via design for heat spreaders...............cooceeeeeeemsscsseesssssssnssssssnnssssssnnns 381
Constructing a heat spreader with copper area obstacles................ 382
Using free vias as heat PiPes .........cccceeeeeeemmeecssmnirciiieesccseeeessssnnnessnns 382
Determining critical trace length of transmission lines..................... 387
Routing controlled impedance traces..........ccocovcservsmmsssnnsssenssisenssns 388
Moated ground areas for clock Circuits..........cccoeumeeevemrerccsnnsseisennnnas 390
ROULING CUIVEA tracCes........coummesecessnmnneeiisscsssnnnnnnsssssssssnnnssssssssssnnnnssssssns 390
Gate and Pin SWaPPINgG .......ccoccceceeeeereeeeeeseeeeeesneeescesneeessesmne s ssmeeessenns 392
Stitching a ground plane with the free via matriX...........cccccocevvcuenn. 395
Miscellaneous ItEmMS.............ccceeeeeeemericiie e enne s 397
Fixing bad pad @Xits..........cccueeereevrsmmmneiiiiicsseieeesssssssssss e ssss s sessas 397
Design cache—cleanup, replace, update..............ccocumerreccssemnsrcrsicssnnns 398
VYo [o /7 Yo IR (=X A o To T o ¥ 3 400
TYPES Of AUTLOECOS ....coeeeeeeeeeeeccseeeeeessmn e s essmn e essssme s s s ssmn e s s ssmnnessnns 401

Xi



Contents

Making a custom Capture template...........cccccoeeevmmmeeiriiciieinnnicicccnns 403
Making a custom Layout technology/template file ........................... 403
Using the Stackup EditOr...........coooeeeeeeeeeeceeieeceeiee e 404
Using the Stackup Editor with an active board design...................... 404
Using the Stackup Editor to set up a custom technology or
EE@MPIATE Fil@ ...t 407
Submitting stack-up drawings with Gerber files ...........cccccoouvvrurnus 408
Adding SOIAEr tRIEVES..............oeeeeeeeeecceseiieeeesscessssnnnnssssssssssnnnnesssssnnnes 408
Printing a footprint catalog from a PCB design.............cccceceeerrruncen. 409
CHaPTER 10
POSTPROCESSING AND BOARD FABRICATION.....ccceusscrsemssssmnmnssnnnnmsssnnnnssnns 411
The Circuit Design With OFCAD............cueccccceieneeicccccssseeee s sesssssssse e sssnes 411
Schematic design in CaplUre...........cccceeeeecessemmeneissssiseneensssssssnnnnseessas 411
The board design with Layout.............cccceeeeeeeeseemmmrsssessssnnnssssssssssnnnnnes 413
Postprocessing the design with Layout.............ccccovvmmemerrcciiinennnnnnnans 414
Fabricating the BOArd...............ccocoommmeirscissennnnissscsssnennsssssssssssensssssssssssnnnnes 417
Choosing a board ROUSE...............coeeeeveeeeicciieeccciee e 417
Setting UpP @ USEr QCCOUNT............eemmeniciicisieee s e s e s s ssssmnn e s ensas 417
Submitting Gerber files and requesting a quote.............ccccccoevrrrunenn. 418
Annotating the layer types and stack-up .........cccccoeeeeemmrrciinnerciennnn. 419
Receipt inspection and testing...........cccccccevvmmmmerrsssssemnnsissscssnnneseennas 422
Nonstandard Gerber files ............coouuveveemirevsemmiriisiieiscieee e 422
CHAPTER 11
ADDITIONAL TOOLS veuvvuieeismssnsssnssnsssssssssnssssssnssnssssssnssnssssssnssssssnssnssnns 423
Using PSpice to Simulate TransmiSsSion LiNES ............cccocueeeveeessennnssssessnns 423
Simulating digital transmission liNes ............cccccceeevvvemmererricisinnnnennnnns 424
Simulating analog SigNAlSs .............ccoeeeeeeeevsceeneiiscecceie e 427
Using Microsoft Excel with a Bill of Materials Generated by
(= ] o 11 7 ¢ = . 427
Using the SPECCTRA Autorouter with Layout.............cccceeeevecvcemnnninsciinnns 429

Xii



Contents

Introduction tO GErbTOOL.............ccccceeeeemeeeeeeeeeeeeeeeeeesssssssssssssssssssssssnnnnnnnnnns 437
Opening a Layout-generated Gerber file with GerbTool .................. 437
Making a .DRL file for a CNC machine............cccocceeeeeeeceeeecccineecccnen 438
L T L] 72 X 1 o o DO 443

Using the IPC-7351 Land Pattern Vi@WEr ............cccccevecemeeersscsssennnnssssssssnns 449

Using CAD Tools to 3-D Model @ PCB.............ooeeeeeeeeeeccieeceeeeeeceeeeenes 452

APPENDICES

Appendix A: Layout Technology Files ............ccoccuummereecviimmnnriiiciinnenenennas 455

Appendix B: List of Design Standards..............ccccevvevemmescssnsssessnnsssssnnnnsas 457

Appendix C: A Partial List of Packages and Footprints and
Some of the Footprints Included in OrCAD Layout.............ccccceerueen. 459

Appendix D: Rise and Fall Times for Various Logic Families.................... 471

Appendix E: Drill and Screw DimenSioNs..............cccooeeeeeeemeeccssnnescisnnenas 473

Appendix F: References by SUDJECE ...........ccueveeeeeemeeeiiececceneesccene e 475

BIBLIOGRAPHY AND REFERENCES ....eucesescssnssisnnsssnmsssnmssssmssssnassssnssssnssnnns 491

5 2 S 495

xiii



This page intentionally left blank



Introduction to Complete PCB Design
Using OrCAD Capture and Layout

I did not write this book because | am an OrCAD guru. | wrote it because no up-to-date
references were available when | was trying to learn how to use the software. This book is the
one I wish | would have had. This book was born from notes | compiled as | learned (the hard
way) to use the software. The initial intent of the book was to describe how to use OrCAD
Layout specifically. Along the way, though, I realized also that | (and many of the engineers |
talked to) had a lot to learn about the printed circuit board (PCB) design process itself. There
was a significant amount of information available on PCB design from both the electrical and
the manufacturing aspects, but there was not an easily accessible resource that covered those
subjects with how to use the software. That is the intent of this book.

Chapter 1 introduces the reader to the basics of PCB design. The chapter begins by introduc-
ing the concepts of computer-aided engineering, computer-aided design, and computer-aided
manufacturing. The chapter then explains how these tools are used to design and manufacture
multilayer PCBs. Many 3-D pictures are used to show the construction of PCBs. Topics such
as PCB cores and layer stack-up, apertures, D-codes, photolithography, layer registration,
plated through-holes, and Gerber files are explained.

Chapter 2 leads new users of the software through a very simple design example. The purpose
of the example is to paint a “big picture” of the design flow process. The example begins with
a blank schematic page and ends with the Gerber files. The circuit is ridiculously simple so
that it is not a distraction to understanding the process itself. Along the way some of Layout’s
routing tools are briefly introduced along with some of the other tools, which sets the stage
for Chap. 3.

Chapter 3 provides an overview of the OrCAD project files and structure and explains
Layout’s tool set in detail. The chapter revisits and explains some of the actions performed
and tools used during the example in Chap. 2. Gerber files are also explained in detail.

Chapter 4 introduces some of the industry standards organizations related to the design and
fabrication of PCBs (e.g., IPC and JEDEC). PCB performance classes and producibility
levels are also described along with the basic ideas behind standard fabrication allowances.
These concepts are described here to help the reader realize some of the fabrication issues
up front to help minimize board failures and to identify some of the guides and standards
resources that are available for PCB design.

XV



Introduction

Chapter 5 addresses the mechanical aspect of PCB design—design for manufacturability
(DFM). The chapter explains where parts should be placed on the board, how far apart, and in
what orientation from a manufacturing perspective. OrCAD Layout’s design rule checker is
then considered relative to the manufacturing concepts and IPC’s courtyard concepts. To aid
in understanding the design issues, manufacturing processes such as reflow and wave solder-
ing, pick-and-place assembly, and thermal management are discussed. The information is then
used as a guide in designing plated through-holes, surface-mount lands, and Layout footprints
in general. Tables summarize the information and serve as a design guide during footprint
design and PCB layout.

Chapter 6 addresses the electrical aspect of PCB design. There are several good references
available on signal integrity, electromagnetic interference, and electromagnetic compatibility.
Chapter 6 provides an overview of those topics and applies them directly to PCB design.
Topics such as loop inductance, ground bounce, ground planes, characteristic impedance,
reflections, and ringing are discussed. The idea of “the unseen schematic” (the PCB layout)
and its role in circuit operation on the PCB is introduced. Look-up tables and equations are
provided to determine required trace widths for current handling and impedance as well as
required trace spacing for high-voltage designs and high-frequency designs. Various layer
stack-up topographies for analog, digital, and mixed-signal applications are also described.
The design examples in Chap. 9 demonstrate how to apply the layer stack-ups described in
this chapter.

Chapter 7 explains how to construct Capture parts using the Capture Library Manager and
Part Editor and the PSpice Model Editor. Heterogeneous and homogeneous parts are devel-
oped in examples using four different methods. Different methods are used depending on
whether a part will be used for simple schematic entry, design projects intended for PCB
layout, PSpice simulations, or all of the above. The chapter also demonstrates how to attach
PSpice models to Capture’s schematic parts using PSpice models downloaded from the Inter-
net and basic PSpice models developed from functional Capture projects. The Capture parts
can then be used for both PSpice simulations and PCB layout as demonstrated in Chap. 9.

Detailed coverage of padstacks and footprints is covered in Chap. 8. The chapter intro-

duces the Layout Library Manager, Layout’s footprint naming conventions, and the basic
composition of a footprint. Then a detailed description of the padstack (as it relates to PCB
manufacturing described in Chaps. 1 and 5) is given, as it is the foundation of both footprint
design and PCB routing. Design examples are provided to demonstrate how to design discrete
through-hole and surface-mount devices and how to use the pad array generator to design
footprints for pin grid arrays and ball grid arrays with dogbone fanouts included with the
footprint.

Chapter 9 provides four PCB design examples that use the material covered in the previ-
ous eight chapters. The first example is a simple analog design using a single op-amp. The
design shows how to set up multiple plane layers for positive and negative power supplies
and ground. The design also demonstrates several key concepts in Capture, such as how to
connect global nets, how to assign footprints, how to perform design rule checks, how to
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use the Capture part libraries, how to generate a bill of materials (BOM), and how to use

the BOM as an aid in the design process in Capture and Layout. The design also shows how
to perform important tasks in Layout such as how to load board technology files, locate
specific parts, and modify padstacks. Intertool communication (such as annotation and back
annotation) between Capture and Layout is also demonstrated. The second design is a mixed
digital/analog circuit. In addition to the tasks demonstrated in the first example, the design
also demonstrates how to set up and use split planes to isolate analog and digital power
supplies and grounds. Other tasks include using copper pours on routing layers to make
partial ground planes, using copper pours on plane layers to make nested power and ground
planes, and defining anti-copper areas on plane and routing layers. The third example uses
the same mixed digital/analog circuit from the second example but demonstrates how to use
multiple page schematics and off-page connectors to add PSpice simulations to a Capture
project used for PCB layout, all within a single project design. It also demonstrates how

to construct multiple, separated power and ground planes and a shield plane to completely
isolate analog from digital circuitry. The use of guard rings and guard traces is also demon-
strated. The fourth example is a high-speed digital design, which demonstrates how to design
transmission lines, stitch multilayer ground planes, perform pin/gate swapping, place moated
ground areas for clock circuitry, and design a heat spreader.

Chapter 10 describes how to postprocess a PCB design and generate specific Gerber files.
Through an example it is shown how to relate the OrCAD Layout design perspective and layer
stack-up (including image polarity) to the board manufacturer’s perspective by submitting
Gerber files to an actual board manufacturer via the Internet. The discussion also provides an
example fabrication quote. Nonstandard Gerber files are briefly discussed as well as Gerber
files that are generated for PCBs with nonplated mounting holes.

Chapter 11 introduces other tools that can be used with OrCAD Capture and Layout to
enhance the PCB design process. The chapter provides examples of how to use Microsoft
Excel with the bill of materials generated by Capture to create parts lists and various other
tracking documents that can be used during the PCB layout process to minimize design
errors. Other examples include how to use PSpice to simulate transmission lines to aid in
circuit design and PCB layout, how to use the SPECCTRA autorouter with Layout to route
high-density PCB designs faster and with less manual cleanup, how to use GerbTool to
panelize a board design, and how to use Layout to generate a .DXF file that can be used by
a graphics program to construct a 3-D image of your board design. The IPC Land Pattern
Viewer is also introduced in this chapter.

Kraig Mitzner
completePCBbook@msn.com
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Introduction to PCB Design and CAD

Computer-Aided Design and the OrCAD Design Suite

Before digging into the details of Layout, we will take a moment to discuss computer-aided
engineering (CAE) tools in general. Computer-aided engineering tools cover all aspects of
engineering design from drawings to analysis to manufacturing. Computer-aided design
(CAD) is a category of CAE that is related to the physical layout and drawing development of
a system design. CAD programs specific to the electronics industry are known as electronic
CAD (ECAD) or electronic design automation (EDA). EDA tools reduce development time
and cost because they allow designs to be simulated and analyzed prior to purchasing and
manufacturing hardware. Once a design has been proven through drawings, simulations, and
analysis, the system can be manufactured. Applications used in manufacturing are known as
computer-aided manufacturing (CAM) tools. CAM tools use software programs and design
data (generated by the CAE tools) to control automated manufacturing machinery to turn a
design concept into reality.

So how does OrCAD/Cadence fit into all of this? Cadence owns and manages many types of
CAD/CAM products related to the electronics industry, including the OrCAD design suite.
The OrCAD design suite can be purchased through resellers such as EMA Design Automa-
tion, Inc., who package different combinations of CAD/CAM applications, including Capture,
PSpice, and Layout, to suit customers’ needs. Although these applications can operate indi-
vidually, bundling the individual tools into one suite allows for intertool communication. The
OrCAD tools can also interact with other CAD/CAM tools such as GerbTool, SPECCTRA,
or Allegro. Chapter 11 covers the use of these tools with OrCAD.

Capture is the centerpiece of the package and acts as the prime EDA tool. Capture contains
extensive parts libraries that may be used to generate schematics that stand alone or that interact
with PSpice, or Layout, or both simultaneously. A representation of a Capture part is shown

in Fig. 1-1. The pins on a Capture part can be mapped into the pins of a PSpice model and/or

the pins of a physical package in Layout. PSpice is a CAE tool that contains the mathematical
models for performing simulations, and Layout is a CAD tool that converts a symbolic schematic
diagram into a physical representation of the design. Netlists are used to interconnect parts within
a design and connect each of the parts with its model and footprint. In addition to being a CAD
tool, Layout also functions as a front-end CAM tool by generating the data on which other CAM
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Figure 1-1 The pieces of a “part.”

tools operate when manufacturing the printed circuit board (PCB) (GerbTool, for example). By
combining all three applications into one package you have a powerful set of tools to efficiently
design, test, and build electronic circuits. The key to successful project design and production is
in understanding the PCB itself and knowing how to use the tools that build the PCB.

Printed Circuit Board Fabrication

We now look at how PCBs are manufactured so that we will have a better understanding of
what we are trying to accomplish with Layout and why. A PCB consists of two basic parts: a
substrate (the board) and printed wires (the copper traces). The substrate provides a structure
that physically holds the circuit components and printed wires in place and provides electrical
insulation between conductive parts. A common type of substrate is FR4, which is a fiber-
glass—epoxy laminate. It is similar to older types of fiberglass boards but is flame resistant.
Substrates are also made from Teflon, ceramics, and special polymers.

PCB cores and layer stack-up

During manufacturing the PCB starts out as a copper clad substrate as shown in Fig. 1-2. A
rigid substrate is a C-stage laminate (fully cured epoxy). The copper cladding may be copper
that is plated onto the substrate or copper foil that is glued to the substrate. The thickness of

the copper is measured in ounces (0z) of copper per square foot, where 1.00z/ft> of copper is
approximately 1.2—1.4 mils (0.0012-0.0014 in.) thick. It is common to drop “/ft>” and refer to
the thickness only in oz. For example, you can order 10z copper on a % -in.-thick FR4 substrate.

A substrate can have copper on one or both sides. Multilayer boards are made up of one or
more single- or double-sided substrates called cores. A core is a copper-plated epoxy laminate.
The cores are glued together with one or more sheets of a partially cured epoxy as shown in

2
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(laminate)
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Figure 1-2 A double-sided copper clad FR4 substrate.
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Figure 1-3 Cores and prepreg.

Fig. 1-3. The sheets are also referred to as prepreg or B-stage laminate. Once all of the cores
are patterned (described below) and aligned, the entire assembly is fully cured in a heated press.

There are three methods of assembling the cores when making a multilayer board. Figure

1-4 shows the first two methods in an example with four routing layers and two plane layers.
Figure 1-4(a) shows three (double-sided) cores bonded together by two prepreg layers, while
Fig. 1-4(b) shows the same six layers made of two cores, which make up the four inner layers,
bonded together by one prepreg layer. The outer layers in 1-4(b) are copper foil sheets bonded
to the assembly with prepreg.

(@ (b)

Clad TOp FOil — — — Top
ew T
e e oS O

Prepreg
Clad GND plane  Clad GND plane
Prepreg
Clad PWR plane  Clad PWR plane
Prepreg
Clad Inner2 Clad Inner2
Prepreg
Clad Bottom FOil m— — — m— Bottom

Figure 1-4 Two stack-up methods for a six-layer board. (a) Multicore, outer clad.
(b) Multicore, outer foil.
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The routing layers in Fig. 1-4 are shown as patterned copper segments and the plane layers
are shown as solid lines. The inner layers are patterned prior to bonding the cores together.
The outer layers are patterned later in the process after the cores have been bonded and cured
and most of the holes have been drilled. Because the outer layers are etched later and because
copper foil is typically less expensive than copper cladding, the stack-up shown in Fig. 1-4(b)
is more widely used.

The third method uses several fabrication techniques by which highly complex boards can

be fabricated, as illustrated in Fig. 1-5. This circuit board may have a typical four-layer core
stack-up at its center, but additional layers are built up layer by layer on the top and the
bottom using sequential lamination techniques. The techniques can be used to produce blind
and buried vias as well as typical plated through-hole vias and nonplated holes. Resistors and
capacitors can also be embedded into the substrate. More will be discussed about blind vias in
later chapters (8 and 9).

Top Plated
solder through-hole Plasma Paste filled Unplated
mask (through-via) micro-via micro-via hole

(Blind) i (Blind) !
I~ _
,,,,,,,,,,,,,,,,,,,,,,,,,,,, [
(Buried)
B e @ e ——
core
stack-up punllEEEES eeeeeeeseeEaam | ——
ST T T T mm B e Bottom B — 0 |
******** - puild-up ~ ~ ~ (Buried) poccccoocoooccoc i ccoocoa
_ _ I
@lind) *
Bottom Laser
solder micro-via
mask

Figure 1-5 A built-up, multitechnology, PCB stack-up.

PCB fabrication process

The copper traces and pads you see on a PCB are produced by selectively removing the copper
cladding and foil. There are two common methods for removing the unwanted copper: wet acid
etching and mechanical milling. Acid etching is more common when manufacturing large quan-
tities of boards because many boards can be made simultaneously. One drawback to wet etching
is that the chemicals are hazardous and must be replenished occasionally, and the depleted
chemicals must be recycled or discarded. Milling is usually used for smaller production runs and
prototype boards. During milling, the traces and pads are formed by a rotating bit that grinds the
unwanted copper from the substrate. With either method, a digital map is made of the copper
patterns. The purpose of CAD software like OrCAD Layout is to generate the digital maps.
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Note

Only one layer is considered in the following explanation of the fabrication process.

Photolithography and chemical etching

Selectively removing the copper with etching processes requires etching the unwanted copper
while protecting the wanted copper from the etchant. This protection is provided by a polymer
coating (called photoresist) that is deposited onto the surface of the copper cladding as shown
in Fig. 1-6. The photoresist is patterned into the shape of the desired printed circuit through

a process called photolithography. The patterned resist protects selected areas of the copper
from the etchant and exposes the copper to be etched.

Substrate

Figure 1-6 A copper clad board coated with photoresist.

There are two steps to photolithography, patterning the photoresist—exposing the resist to
light (typically ultraviolet (UV) light) and developing it (selective removal in a chemical
bath). There are two types of photoresist: positive resist and negative resist. When positive
resist is exposed to UV light, the polymer breaks down and can be removed from the copper.
Conversely, negative resist that is shielded from UV light is removed.

A mask is used to expose the desired part of the photoresist. A mask is a specialized black and
white photographic film or glass photoplate on which a picture of the traces and pads is printed
with a laser photoplotter. Two types of masks are shown in Fig. 1-7. The masks are examples
of a trace connected to a pad. Figure 1-7(a) shows a positive mask used to expose positive
photoresist, and Fig. 1-7(b) shows a negative mask used to expose negative photoresist. Masks
that will be used repeatedly are sometimes produced on glass photoplates instead of film.

The mask is placed on top of the photoresist as shown in Fig. 1-8, and the assembly is
exposed to the UV light. The dark areas block UV light and the white (transparent) areas
allow the UV light to hit the photoresist, which imprints the circuit image into the photoresist.
A separate mask is used for each layer of a circuit board. OrCAD Layout generates the data
that the photoplotter uses to make these masks.
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@

Figure 1-7 Photolithography masks. (a) A positive mask. (b) A negative mask.

Figure 1-8 Positive photomask on photoresist-coated board.

Another way of exposing the photoresist is by using a programmable laser to “draw” the
pattern directly onto the photoresist. This is a newer technique called laser direct imaging
(LDI). A benefit of the LDI process is that it uses the same data as the photoplotters but no
masks are required.

After the photoresist has been exposed (either with the mask and UV or with the laser) it

is washed in a chemical called the developer. In the case of positive resist, the resist breaks
down during exposure and is removed by the developer. In the case of negative resist, the UV
light cures the resist, and only the unexposed resist is removed by the developer. Common
developers are sodium hydroxide (NaOH) for positive resist and sodium carbonate (Na,CO3)
for negative resist. Once the resist has been exposed and developed, a circuit image made of
the photoresist is left on the copper as shown in Fig. 1-9.
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